Mutations in the TSC1 and TSC2 genes lead to tuberous sclerosis complex (TSC), which is characterized clinically by mental retardation, epilepsy, and benign tumors affecting multiple tissues. Numerous components of the TSC protein complex remain uncharacterized. Here we report the purification of the TSC1 complex under physiological conditions using a proteomic strategy. We purified the TSC1 protein complex using a tandem affinity purification method and identified a protein complex containing 139 components. Two known binding proteins of TSC1 (TSC2 and DOCK7) were identified along with other new potential partners, which cover reported and novel TSC1 functional categories. Bioinformatics and biochemical methods were used to evaluate the observed protein -protein interactions. A comparative analysis with a published expression proteomics/genomics study of TSC1 revealed more than 20 common candidates that might be functionally relevant. The data set provides new directions in which to expand our knowledge of the functions of TSC1 and the mechanisms of TSC. The results are highly reliable, which is reflected by the identification of a few reported partners of TSC1 and many TSC1/2-regulated proteins. Interestingly, many new functional categories were identified, such as DNA repair, which provide novel hints to the function of TSC1. Moreover, a few neuronal disease-related proteins that might regulate the normal functions of neurons were identified. Thus, the results suggest that many of the new interactions should be biologically significance. It will be interesting to further investigate the regulatory mechanisms of these components.
Mutations in the TSC1 and TSC2 genes lead to tuberous sclerosis complex (TSC), which is characterized clinically by mental retardation, epilepsy, and benign tumors affecting multiple tissues. Numerous components of the TSC protein complex remain uncharacterized. Here we report the purification of the TSC1 complex under physiological conditions using a proteomic strategy. We purified the TSC1 protein complex using a tandem affinity purification method and identified a protein complex containing 139 components. Two known binding proteins of TSC1 (TSC2 and DOCK7) were identified along with other new potential partners, which cover reported and novel TSC1 functional categories. Bioinformatics and biochemical methods were used to evaluate the observed protein -protein interactions. A comparative analysis with a published expression proteomics/genomics study of TSC1 revealed more than 20 common candidates that might be functionally relevant. The data set provides new directions in which to expand our knowledge of the functions of TSC1 and the mechanisms of TSC. The results are highly reliable, which is reflected by the identification of a few reported partners of TSC1 and many TSC1/2
Introduction
Tuberous sclerosis complex (TSC) is an autosomal dominant disorder characterized by the widespread development of distinctive tumors, called hamartomas, in a variety of tissues, such as eyes, skin, kidney and brain, which can be caused by mutation of either the TSC1 or the TSC2 gene [1] . TSC1 and TSC2 have been confirmed to form a complex in vivo, providing an explanation for the similar disease phenotypes caused by mutation of either TSC1 or TSC2 [2, 3] , and TSC1 is usually considered to function in a similar pathway with TSC2, which has been extensively studied. However, unique functions of TSC1 and TSC2 in different cell compartments have been implied [4, 5] . Another unknown component of the TSC1/TSC2 complex has also been suggested [3] . Recent discoveries of new phosphorylation sites on TSC1 have also raised the question of how TSC1 is regulated [6, 7] . A proteomics study of TSC1-binding proteins may provide useful clues to help investigate these problems and provide a clearer picture of TSC1 function, especially in the protein complex, which more closely reflects the physiological entity of the proteins in the cell [8, 9] .
Several genomics and proteomics studies focusing on TSC2 have been conducted [10] [11] [12] [13] [14] [15] [16] , whereas studies on TSC1 have been mainly reported by Hengstschlager's group. Genes and proteins in HeLa cells deregulated by overexpression of TSC1 were analyzed by cDNA microarray and 2-dimensional (2-D) gel electrophoresis with subsequent mass spectrometry identification [12] [13] [14] [15] [16] . These approaches all provided new insights into the cellular roles of TSC proteins.
Here, we report the purification of the human TSC1 complex taking advantage of the tandem affinity purification (TAP) method [17] [18] [19] . The sequential use of two affinity tags reduces the background of nonspecific-binding proteins, and the mild buffer conditions preserve weak protein -protein interactions. By retrovirus-mediated gene transfer, we expressed the tagged TSC1 protein at close to the endogenous level so that we could study the functions of TSC1 under physiological conditions. With this TAP-MS/MS approach, 139 proteins that potentially associate with TSC1 were identified. Selected protein-protein interactions were further validated. Our study reveals the complexity of the TSC1 complex and uncovers multiple previously unknown binding partners of TSC1. It provides a basis for further investigation of the biological functions and molecular mechanisms of the TSC complex.
Materials and Methods

Plasmids
The human TSC1 cDNA was a kind gift from Dr Kunliang Guan (University of MI, USA). Basically, the TSC1 gene was amplified by PCR using pcDNA3-Myc3-hTSC1 as the template. Then the product was inserted into the EcoRI site of the TAP plasmid pZome-1-N (EUROSCARF, University of Frankfurt, Germany). The correct orientation and sequence of the insert in pZome1N-TSC1 was confirmed by sequencing.
Cell culture, retrovirus packaging, and stable cell line selection Human hepatocellular carcinoma HepG2 cells and human embryonic kidney (HEK) 293T cells (Peking Union Medical College, Beijing, China) were cultured in Dulbecco's modified Eagle's medium supplemented with high glucose (Gibco, Grand Island, USA) and 10% fetal bovine serum. Retroviruses were packaged with pZome1N-TSC1 or pZome1N as described [20] . HepG2 cells expressing TAP-tagged TSC1 or TAP tag were selected by the addition of 2 mg/ml puromycin (Sigma, St. Louis, USA) to the medium 48 h after retroviruses infection. Stable cell lines were collected for storage or large-scale culture. Large-scale cell culture was carried out in Cell Factories (NUNC, Roskilde, Denmark).
Co-immunoprecipitation assay HEK293T cells were transfected with the indicated plasmids using Lipofectamine TM 2000 (Invitrogen, Carlsbad, USA). After 48 h, the cells were harvested and lysed with 1 ml of IPP150 containing 10 mM Tris-HCl (pH 8.0), 150 mM NaCl, 0.5% NP-40 (Sigma), 1 mM DTT supplemented with protease (Complete Mini EDTA-free; Roche Applied Science, Indianapolis, USA), and phosphatase inhibitors (2 mM sodium orthovanadate, 1 mM NaF) on ice for 30 min. Immunoprecipitation assays were performed using anti-c-Myc (9E10) (Santa Cruz Biotechnology, Santa Cruz, USA) or anti-Flag M2 (Sigma) antibodies. The washing steps were performed three times with IPP150 for each of the immunoprecipitation assay. Lysates and immunoprecipitates were analyzed using the indicated primary antibodies and then the appropriate secondary antibody, followed by detection with an ECL western blotting substrate (Pierce, Rockford, USA).
Tandem affinity purification
All procedures were carried out as described at 48C with some modifications [2, 3] . Approximately 1 Â 10 9 HepG2 cells were used. The cells were lysed with 30 ml of IPP150 (0.5% NP-40) supplemented with protease inhibitors (Complete Mini EDTA-free, Roche Applied Science) and phosphatase inhibitors (2 mM sodium orthovanadate and 1 mM NaF) on ice for 30 min. Samples were cleared by centrifugation at 20,000 g for 15 min. The supernatant was transferred to 50-ml tubes (Corning, New York, USA). Pellets were frozen in liquid nitrogen, thawed at room temperature three times, centrifuged at 20,000 g for 10 min, and combined with the first supernatant. Then the whole cell lysates were incubated with 150 ml of IgG beads for 2 h. Beads were transferred to a 10-ml empty ploy-prep chromatography column (Bio-Rad, Hercules, USA) and washed extensively with 30 ml of IPP150 (0.1% NP-40) and then with 15 ml of TEV cleavage buffer (10 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.1% NP-40, 0.5 mM EDTA, and 1.0 mM DTT). TEV cleavage was performed in 1 ml of TEV cleavage buffer with 150 U of TEV protease (Invitrogen) at 168C. After 2 h, the cleavage solution was transferred into another ploy-prep column containing 150 ml of equilibrated calmodulin affinity resin (Stratagene, La Jolla, USA) and rotated for 2 h. Thirty milliliters of calmodulin-binding buffer (10 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.1% NP-40, 1 mM magnesium acetate, 1 mM imidazole, 2 mM CaCl 2 , and 10 mM b-mercaptoethanol) was used to wash the resin. Finally, proteins were eluted with calmodulin elution buffer (10 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.1% NP-40, 1 mM magnesium acetate, 1 mM imidazole, 10 mM b-mercaptoethanol, and 20 mM EGTA) (200 ml of each for six fractions). Eluates were precipitated by the TCA method [18] .
Protein digestion
Precipitated proteins from pZome1N-TSC1 and pZome1N strains were dissolved in SDS loading buffer, separated by 10% SDS-PAGE and stained with Coomassie Brilliant Blue R250 in parallel. After image scanning and documentation, the gel slices that showed differences were selectively excised for identification. For trypsin digestion, gel slices were cut into cubes, destained with 50% acetonitrile containing 25 mM NH 4 HCO 3 and subjected to reduction and alkylation. Then the gel plugs were lyophilized and immersed in 15 ml of 10 ng/ml trypsin solution in 25 mM NH 4 HCO 3 . The digestion was incubated at 378C for 15 h. Peptide mixtures were first extracted with 100 ml of 5% TFA at 408C for Tandem affinity purification of the TSC1 complex 1 h and then 2.5% trifluoroacetic acid/50% acetonitrile at 308C for 1 h. The extracted solutions were combined, lyophilized, and prepared for the following analysis.
Nano-RPLC-MS/MS identification
Lyophilized tryptic peptides were subjected to Nano-RPLC-MS/MS using a Thermo Finnigan linear ion trap mass spectrometer (LTQ) (Thermo Finnigan, San Jose, USA) equipped with an NSI source. The initial nanoLC run was performed on a LC packing system configured with Famous, Swithos and Ultimate and controlled by the Dionex chromatography software (Dionex, Sunnyvale, USA). The 10-port valve of the Ultimate system was equipped with two RP-C18 trap columns, which allows for synchronous sample loading and desalting of one trap column whereas the other is eluted to the MS through a PicoFritTM tip analysis column (BioBasic C18, 5 mm, 75 mm i.d. Â 10 cm, 15 mm i.d. spray tip; New Objective, Woburn, USA) by an Ultimate pump using a stepwise mobile phase gradient of 2-40% B (80% ACN, 0.1% FA in water) for 30 min and 40 -100% B for 5 min. The LTQ-MS was operated under the following parameters: normalized collision energy of 35%, temperature of the ion transfer of 2008C, and spray voltage of 1.8 kV. The mass spectrometer worked under an 'nth order triple play' mode, which repeats the zoom scan and MS/MS acquisition for the five most intense ions following one full MS scan using the following dynamic exclusion settings: repeat count of 2, repeat duration of 30 s, exclusion list size of 150, and exclusion duration of 90 s. Under the zoom scan mode, we obtained a spectrum with resolution good enough for the discrimination of different charge states, so that singly charged ions, most of which come from contaminants, could be excluded and only ions with charges of 2 or greater could be considered for further MS/MS analysis.
Domain analysis
The Simple Modular Architecture Research Tool (SMART; http://smart.embl.de) was used for protein domain identification and analysis of protein domain architecture. As a comparable background, 150 of proteins were selected randomly from the IPI human proteins database version, 3.07 (50,207 protein sequences) for 100, 200, 500, 1000, 2000, 5000, 10,000, 20,000, and 30,000 times, respectively. Sequences of these proteins were extracted and submitted to SMART. No bias will exist if the conclusion is drawn from the distribution of the 10,000 sample points. The hypergeometric cumulative distribution function was used to evaluate the probability of zero to 45 proteins containing coiled-coil domains in every 150 proteins selected randomly from 22,972 proteins, which includes 2650 proteins containing coiled-coil domains. The 22,972 proteins have predicted domain structures by SMART analysis based on the IPI human protein database 3.07.
Functional annotation
The functional annotation and classification of the data set was based on gene ontology (biological process and cellular component; http://www.geneontology.org) and published papers. The OMIM web-based tool (Online Mendelian Inheritance in Man; http://www.ncbi.nlm.nih. gov/omim) was used for disease phenotype analysis.
Results
TAP and identification of the TSC1 protein complex Retrovirus-mediated gene transfer was used to express TAP-tagged TSC1 at a near-endogenous level in HepG2 cells (Fig. 1) . We believe that the false positives caused by overexpression were greatly reduced. First, from experiences of previous research, the non-physiological complexes caused by overexpression can be reduced by lowering the expression level of the target protein [17] . Second, we had used an overexpression method (unpublished data) to purify the TSC1 complex and no reported interactions were found. In contrast, few known partners of TSC1 were identified in the current study (such as TSC2). Basically, the tagged TSC1 gene was stably inserted into the mammalian cell genome by retrovirus infection. The expression level of tagged TSC1 was modified to close to the endogenous level by changing the multiplicity of infection. Cells stably expressing the TAP tag only were generated in the same way and used as a purification control. TAP procedures were carried out as described at 48C with some modifications [17, 18] . The purification was carried out two times with approximately 1 Â 10 9 cells. TSC2 was recovered as an interaction partner, indicating that the purifications worked. The eluates were precipitated with the TCA method, separated by 10% SDS-PAGE, and visualized by Coomassie Brilliant Blue R250 staining (Fig. 2) .
For MS/MS identification, bands specific to the TAP-TSC1 sample were excised and digested with trypsin. Lyophilized tryptic peptides were subjected to Nano-RPLC-MS/MS analysis. All MS/MS spectra were searched against the human IPI protein database (version 3.07) using the SEQUEST algorithm in the Bioworks software (version 3.1) for peptide and protein identification. Only a tandem spectrum with more than 15 ions totaling 100 counts was accepted for database searching, whereas the tolerance for peptides during data generation was 1.4 Da and another 2.0 Da was used for database searching. Search results were assembled using the Build Summary software [21] and filtered with the parameters of a DCn cutoff value !0.08 and Xcorr scores of !2.5 for doubly charged and !3.5 for triply charged peptides. The nonspecific-binding proteins to TAP tag were excluded from further analyzing, which include actin, eukaryotic translation elongation factor 1 beta 2, heat shock 70 kDa protein 6, and a hypothetical protein (IPI00430808). In total, 12 bands were cut out and analyzed. The peptides from MS identification were corresponding to 139 proteins (Supplementary Tables S1 and S2). The data set might contain few nonspecific-binding partners and should be verified by further research.
Validation of the data set by co-immunoprecipitation assay
To validate the confidence of the TSC1 complex data set, six proteins were randomly selected for co-immunoprecipitation assays. Myc-tagged EWSR1, RBBP4, and G3BP and Flag-tagged PACSIN3, RAI14, and RCC2 were ectopically expressed in human HEK293T cells and subjected to immunoprecipitation. As shown, the anti-TSC1 antibody was used to detect the existence of TSC1 in all six associated complexes [ Fig. 3(A,B) ], which suggests that the data set is reliable. The expression of RBBP4 was reported to be up-regulated as a result of TSC1/TSC2 overexpression [14] . It might be interesting to test whether TSC1 can directly regulate the level of RBBP4. In the data set, two known binding partners of TSC1, TSC2, and DOCK7 [6] , were also pulled down. All of the other identified interactions of the TSC1 complex are novel.
Functional classification of the TSC1 complex components First, we grouped all of the identified proteins according to their biological functions (Fig. 4 and Supplementary Table S1 ). As expected, proteins involved in the cell cycle, cell adhesion, and cell cytoskeleton organization were enriched, which correlates well with the reported functions of TSC1. In addition, a few new functional categories were identified, such as pre-mRNA splicing, DNA repair, and transcription. Multiple useful hints to the functions or regulatory mechanisms of TSC1 can be found in the data set.
Second, the cellular localizations of proteins that potentially bind to TSC1 were analyzed (Fig. 4, right panel) . We found that the largest proportion of proteins was localized in intracellular membrane-bound organelles (39%), and a relatively smaller proportion of proteins was localized to the cytoskeleton (19%) and cytoplasm (13%), which is consistent with former studies of TSC1 localization [4, 22] . There were also a large proportion of proteins localized in the nucleus (29%). While TSC1 translocation into nucleus from the cytoplasm under normal conditions remains to be determined, a few studies have shown a Tandem affinity purification of the TSC1 complex nuclear localization of TSC1 [23, 24] . The functions of TSC1 might be diverse with different localizations. Third, the TSC1 complex data set was subjected to OMIM (Online Mendelian Inheritance in Man, http://www. ncbi.nlm.nih.gov/omim) to analyze the disease phenotypes of the proteins. Twenty-nine proteins are associated with different diseases (Supplementary Table S3 ), such as neurological, metabolic, and developmental diseases and cancer. The results are consistent with the function of TSC1 and provide potential mechanisms of TSC1 in the development of related diseases.
The proteins containing coiled-coil domains are enriched Domains are basic structural and functional units of proteins, which may mediate protein-protein interactions. We analyzed the domain information of the TSC1 complex using the web-based tool SMART (Supplementary  Table S1 ). Interestingly, coiled-coil domains appear with a significantly higher frequency in our protein list compared with the randomly selected 150 proteins from the IPI human proteins database. The frequency of coiled-coil domains in our data set was about 0.57 (85 of coiled-coil domains in 150 proteins), while the random chance is 0.038. Coiled-coil domains in the TSC1 purified proteins were enriched 15 times. Coiled-coil domains mediate protein -protein interactions [25] , and it raises the possibility that at least some of the partners might directly associate with TSC1 through a coiled-coil domain.
Comparison of the TSC1 protein complex data set with other proteomics data set A considerable coincidence was found with a reported microarray and 2-D gel/MS data analysis of TSC1/TSC2 overexpression in cells [10] [11] [12] 14, 16] . For example, when functionally grouped, both data sets show proteins involved in the hexose metabolism and nitrogen compound metabolism (data not shown). Twenty-seven common candidates were found (Table 1) , such as RBBP4, P4HB, and VIM, etc. EWSR1 and RBBP4 have been confirmed to interact with TSC1 by co-immunoprecipitation assay in HEK293 cells (Fig. 3) . These results imply that some of the proteins whose expression changes with the TSC overexpression may directly associate with the TSC protein complex either as part of the function of these complexes or to regulate it. Only seven proteins match with the observed size of the protein bands on the gel in Table 1 . They might be false positives if the proteins cannot match with the observed size on the SDS-PAGE gel. But there are some difficulties to distinguish them with the true positives. First, it is common that a protein does not match its calculated molecular weight [26, 27] . For example, more than 40% of proteins did not match to their calculated positions in fission yeast [26] . Second, the molecular weight of a protein is determined by the status of hydrophobicity, charges or post-translational modifications. The predicted methods cannot tell the exact size of a given protein. For example, the glycosylation can make a protein larger than that it appears to be. Third, the sample process or protein degradation may induce unexpected proteolytic cleavage of expressed proteins, which leads to a protein smaller than it should be. Fourth, the alternative splicing of a gene can result in different size of a protein. We still lack all of such information for the human genes. Lastly, according to our knowledge, we cannot find an effectively published method to exclude such kind of false positives.
Discussion
The tumor suppressor TSC1-associated complex formed in vivo was purified by TAP tag and analyzed by MS. The reliability of this data set was demonstrated by co-immunoprecipitation assays. A few reported partners of TSC1 and many TSC1/2-regulated proteins were also identified, which indicates that we identified bona fide partners of TSC1 and that its function is complex. The identified proteins may include the proteins that interact with TSC2, not Tandem affinity purification of the TSC1 complex Table 1 Common molecules among the data sets of the TSC1 complex, the microarray, and the 2-D gel/MS data with TSC1/TSC2 overexpression TSC1. Many proteins are shown to bind with TSC2, but not TSC1. In our results, we cannot distinguish them. Dozens of proteins have been reported to interact with TSC1 [28] . We identified numerous proteins of TSC1 complex with multiple functions, such as cell cycle, cell adhesion, cell cytoskeleton organizations, and DNA repair, etc. Further research is needed to confirm the interacting proteins and their functions. The potential value of the data set was reflected by functional classification. As expected, the proteins involved in the cell cycle, cell adhesion, and cell cytoskeleton organization were enriched. Interestingly, many new functional categories were identified, such as DNA repair, which provide novel hints to the function of TSC1. For example, the possible role of TSC1/TSC2 in DNA repair has been linked to chromatin assembly factor 1 (CAF1/RBBP4) and proliferating cell nuclear antigen (PCNA) [14] . In our results, besides RBBP4, we also obtained the two subunits of the Ku complex (XRCC5/XRCC6) and a subunit of the PSF/p54 (nrb) complex, NONO. The Ku complex has been reported to bind to DNA ends during non-homologous end joining (NHEJ) of DNA double-strand break repair [29, 30] . Recently, the PSF/p54(nrb) complex was reported to strongly stimulate DNA end joining in vitro, to bind directly to the RNA substrates of the end joining reaction and to cooperate with Ku to establish a functional pre-ligation complex [31] . The interaction of RBBP4 with TSC1 was also confirmed in the co-immunoprecipitation assay. Hence, we speculate that TSC1 may play a role in the DNA repair process.
A few useful hints regarding the role of TSC1 in the development of diseases were provided through OMIM analysis of the TSC1 complex data set. For example, TSC1 regulates neuronal morphology and differentiation [32, 33] . When mutated, several types of the most significant seizures caused by TSC gene dysfunction in the TSC patients occur in the neuronal system. Four neuronal disease-related proteins, including TSC2, were identified. TSC1 may cooperate with this group of proteins to maintain normal function of the neuronal system.
We also found that proteins containing coiled-coil domains were likely to directly associate with TSC1. A considerable coincidence was found with a previously reported microarray and 2-D gel/MS data sets. Thus, all of the results suggest that most of the new interactions should be biologically significant. The TSC1 complex data set will be a valuable resource for the research of TSC1 function. It will be interesting to investigate the regulatory mechanisms of these components in the TSC disease development in future research.
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